The research was carried out in three Łęczna-Włodawa lake-catchment systems, during the hydrological years [2007][2008][2009]. The observed lakes varied in terms of basin morphometry and catchment features. The hydrological functioning of the lakes resulted from three main factors: 1) storage capacity of the lake basin, 2) catchment area and relief, 3) human impact on water distribution. The vertical water exchange ratio in Lake Sumin was almost four-times higher than flushing time. In Lakes Rotcze and Syczyńskie horizontal water exchange, presented as flushing time was significantly higher than the vertical one.
Introduction
A lake-catchment system is complex, and threedimensional. A continuous matter and energy circulation occurs in the system. The systems play an important role in supplying freshwater for domestic, agricultural, and industrial uses in many countries (Wang and Dou 1998; Wetzel 2001) . Lake water quality is affected by many watershed characteristics including land use, soil type, surface geology, drainage area, topography, hydrology, and climate (D'Arcy and Carignan 1997; Maberly et al. 2003; Nõges 2009 ). Many studies have been carried out to explore the relationship between lake water quality and watershed land use (Rhodes et al. 2001; Bajkiewicz-Grabowska 2002; Kubiak 2003; Mankin et al. 2003; Twesigye et al. 2011) . A major factor that influences lake functioning is the pace and quantity of water exchange. A domination of either vertical or horizontal water exchange determines water quality, both physico-chemical and hydro-biological. Water exchange of lake basins is understood as a difference between total input and output. A difference between precipitation and evaporation is defined as vertical water exchange, whereas a difference between inlet and outlet is known as horizontal (Choiński 2007; Bajkiewicz-Grabowska 2009 ).
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Horizontal water exchange is usually determined by territorial factors, e.g. geological structure, relief, while vertical depends mostly on meteorological factors, e.g. temperature, wind, etc. Ratios were also used to characterize both vertical and horizontal water exchange. The pace of vertical water exchange is usually presented using the intensity ratio, which is the proportion of the volume of annually evaporated water to the lake volume. The ratio of horizontal water exchange is defined as the proportion of the average annual water outflow to the lake volume. It can be presented as 'residence time' , defined as the average time a particle of a conservative substance spends in a given volume, or 'flushing time' defined as average transit time of water (FT) - (Rueda et al. 2006; Obertegger et al. 2007 ). Previous studies showed that flushing time is significantly correlated to total nitrogen load (TN) delivered to the lake basin (Cole and Pace 1998) .
Methods
Flow rates analysis, including genetic formssurface and underground -was carried out to estimate the influence of terrestrial factors. Water flows were measured once a month, from 1 st November 2007 to 31 st October 2009, using a flow-meter Nautillus 2000. Daily water levels of streams were used to calculate the flow rates.
An estimation of the quantity of water budget elements is difficult, due to the unavailability of measurement methods (e.g. lack of evaporation measurements). A basic element of the water budget is precipitation. It was measured using Hellmann's pluviometer, which according to Chomicz (1976) leads to a systematic error, up to 19% of measured precipitation value (Bajkiewicz-Grabowska 1999) . Unadjusted sums of precipitation, used in this study to calculate water exchange, are also commonly used for analysis (Soczyńska 1997) . Evaporation from the lakes is also difficult to estimate. Variability of the ratio results from the lake area, shape, exposure to atmospheric influence and other factors. Evaporation calculated according to the Ivanov equation was used in this study. There are no gauging stations in Łęczna-Włodawa Lake District that measure lake evaporation value. The only IMGW meteorological station that measures total evaporation from the area (Włodawa) is located at the slopes of the Włodawa Hills. The distance from the area under study disqualified the data as unreliable.
Study area
The research was carried out in three Łęczna-Włodawa lake-catchment systems (Fig. 1) . Lake Rotcze is elevated 170.5 m.a.s.l. The lake catchment area is small, but the groundwater basin is much larger ( Table  1) . The lake basin is bottom-flat, with the lakeshore development coefficient amounting to 1.0. The north, west and southern part of the lake is surrounded by peat-bogs of various widths. The lakeshore vicinity is drained to the west, to the Lake Uściwierz catchment. A draining ditch, 1.2 m in width was dug at the beginning of the 20 th century. Its depth does not exceed 1 m. Several years ago an eastern inlet to the lake was functioning. The ditch was filled up due to the expansion of the built-up area.
Lake Sumin is elevated 170 m.a.s.l. The shape of the lake basin is irregular and asymmetric, significantly deeper (circa 6m) in the southern part (Fig. 2) .
The lake is the largest among the lakes under study (Table 1 ). This flow-through lake is drained to the north by a perennial stream and seasonally to the west by a bifurcating stream. The only outlet drains wetlands located in the southern part of the catch- Fig. 1 . Location of the lake-catchment systems under study ment. Inlet flow ratio is low. During the period of increased water levels, the stream is restrained and backwater occurs, up to 100 m. Any change of direction of the bifurcating stream depends on the lake water stage. The stream supplies the lake during the periods of normal and low lake water levels. During the periods of high water levels it plays the role of an outlet.
Lake Syczyńskie is one of the smallest Łęczna-Włodawa Lakes. The shallow and circular lake basin was created among carbonate peat-bogs, on Cretaceous regolith (Borowiec 1990 ). The lake is elevated 179 m.a.s.l. and located in the south-west part of a catchment. This flow-through lake is fed by four inlets, one of which, originated from a spring, is perennial. The vicinity of mesoregional units of the Chełm Hills, as well as high hydraulic gradients favour lake supply with groundwater. A deep, perennial lake outlet directs drained water to the south, to the Świnka River. ). The highest amplitude of vertical water exchange was observed in Lake Rotcze, whereas the lowest in Lake Syczyńskie. Total volume of water, supplying Lake Rotcze during the time period under study due to vertical water exchange amounted to 16,700 m 3 . The deepest water exchange minima were noted in February and March 2009. The highest positive values in Lake Rotcze occurred in spring and summer while negative ones in winter (Fig. 3) . A positive difference between precipitation and evaporation was also observed in Lake Sumin (401,000 m 3 ). A significant disproportion of monthly water exchange values was observed. The highest alimentation (spring 2007, spring and autumn 2008 and summer 2009) was significantly higher than losses (Fig. 4) . Vertical water exchange values in Lake Syczyńskie varied seasonally (Fig. 5) Exchange ratios. Exchange ratios were diverse in each lake under study. The highest rates were calculated in Lake Syczyńskie. The lake was shallow and intensively supplied with groundwater. The vertical exchange rate amounted to 2.9 year, while horizontal only 0.13 year. These values distinguished the lake among the group of Łęczna-Włodawa which is classified as super-passive. Slightly slower water exchange was observed in Lake Rotcze, which vertical exchange rate amounted to 3.8 year while horizontal one 0.97 year. The slowest pace of water exchange was observed in Lake Sumin. Vertical water exchange rate amounted to 4.02 year whereas horizontal 1.1 year.
Vertical-horizontal water exchange relations. Characteristic relations between vertical and horizontal exchange domination and variability were observed in all the investigated lakes. Vertical water exchange determined the functioning of the drained Lake Rotcze. The volume of water stored in the lake basin due to vertical water exchange was two times higher than that resulting from horizontal water exchange. An effective precipitation supply during the time period under study amounted to 16,700 m 3 while losses due to an intense drainage amounted to -10,700 m 3 . A clear disproportion of water exchange elements were observed in Lake Sumin. Water levels were maintained due to vertical water exchange (402,000 m 3 ), which equalized losses resulting from the lake draining (-387,000 m 3 ). Lake Syczyńskie stood out among the lakes under study. Horizontal water exchange was significantly higher than vertical (85,200 m 3 and -96,700 m 3 , respectively).
Discussion
The issue of water exchange has very rarely been presented in the papers concerning Łęczna-Włodawa Lakes. Among all the lakes under study only Lake Rotcze's flushing time is mentioned in the limnological literature. Lakes Sumin and Syczyńskie were never investigated from this point of view. A clear dif- Fig. 5 . Monthly water exchange of Lake Syczyńskie ference in Lake Rotcze's flushing time presented in the literature and shown in this study should be pointed out. Choiński (1995) , after Wojciechowski (1991) proposed to classify Łęczna-Włodawa lakes to the group of passive lakes. A difficulty in comparing results can be related to different methods of water exchange calculation. In this paper water exchange ratios, both vertical and horizontal, were calculated on the basis of systematic hydrological and limnological territorial measurements carried out in lake catchments. Many assumptions which were difficult to verify were made a priori in Wojciechowski's study. Lake outflows were calculated using the specific discharge of the Świnka River, while none of the investigated lakes was located in the Świnka River catchment. Underground outflow was estimated to be 50-55% (regardless of the water body). Lake volume was also considered as constant, with stable basin volume, accepted after Wilgat (1954) .
Individual features of the pace and volume of water exchange were observed in Lakes Rotcze, Sumin and Syczyńskie during the time period under study. Flushing time was typically connected to the catchment area. The lowest flushing time was observed in a small, morphologically diversified catchment. Similar relations were presented by Michel (1992) , DeWalle et al. (1997) and Wolock et al. (1997) .
According to Lange (1986) , Faraś-Ostrowska (1990) , Jańczak (1991) and Choiński (1995) , residence time of Polish lakes varies from 0.01 in Lake Trzebno to 88.5 years in Lake Piaseczno. The water of the majority of water bodies presented by Choiński (1995) exchanged horizontally faster than 10 years. Thus the lakes under study can be defined as average, which confirms Pasławski's (1975) classification.
Water shortages in Lake Rotcze, due to vertical water exchange in winter 2009, resulted from low precipitation in previous months (from November to February) and a relatively high temperature as well as many thaws during the winter. High temperatures and frequent rainfalls in summer 2009 favoured evaporation, especially from the saturated peat-bogs located near the lake shore. The high volume of Lake Sumin, elongated NW-SE, as well as the forest surrounding it, increased the lake's susceptibility to wind activity, hence decreased evaporation. The highest losses resulting from vertical water exchange were observed in December 2008. The mean temperature of the month amounted to 4.8°C, which led to an increase in evaporation and sublimation. The monthly vertical water exchange of Lake Syczyńskie corresponded to monthly precipitation sums. Negative values, observed in January 2008, followed a period of positive temperatures (circa 4°C), which might have increased evaporation. Similar values were noted in October 2009. It was a period of high precipitation (92 mm) and temperatures (mean monthly temperature amounted to 14.2°C). The diversity of horizontal water exchange of Lake Rotcze resulted from man-made water distribution changes. The depletion of the catchment area cut off the lake basin from a part of runoff from Garbatówka Hill. The deep ditch, which drained surface and hyporheic water resources, fed Lake Uściwierz, which is located further away. The geological structure of the shoreline vicinity hampered lake basin supply. The high rate of organic sediments (peat-bogs and alluvia) surrounding Lake Rotcze favoured storage capacity. Water was released only during the periods of long saturation (Borowiec 1990; Janiec 2002) . The peat-bogs saturation occurred in 2009, when high precipitation was followed by intensive lake basin supply. In June and July the lake was supplied with over 100,000 m 3 of water. The horizontal water exchange was negative during the time period under study. The minima were observed when streams were hydrologically most active (in February and March 2007 and in June and July 2009), which proved the role of the man-made decrease of the local base level (base level of streams). A ditch that directed water from Lake Sumin to the north was dug in the 1920s, crossing a watershed. Deepened in the 1950s the ditch facilitated catchment drainage to the Włodawka River basin. It disrupted the natural direction as well as the quantity and pace of water outflow. The highest-lying waterbody in the cascade-system of the Uściwierz Lakes was deprived of some of its water resources, which reduced its role as a supplier of the lower-lying Lake Rotcze.
It should be stressed that a dominance of atmospheric deposition in water exchange may be dangerous for trophy and maintaining the water quality of the lake. It was mostly visible during the periods of precipitation shortages. The dynamic water exchange of Lake Syczyńskie resulted from low basin volume, stability of groundwater supply (vicinity of the Chełm Hills), relief and catchment land use (increased runoff).
